Abstract. Thresholds for microcavitation of bovine and porcine melanosomes were determined using nanosecond laser pulses in the near-infrared (1000 to 1319 nm) wavelength regime. Isolated melanosomes were irradiated by single pulses (10 or 50 ns) using a Q-switched Spectra Physics Nd:YAG laser coupled with an optical parametric oscillator (1000 to 1200 nm) or a continuum laser at 1319 nm. Time-resolved nanosecond strobe photography after the arrival of the irradiation beam allowed imaging of microcavitation events. Average fluence thresholds for microcavitation increased nonlinearly with increasing wavelength from ∼0.5 J∕cm 2 at 1000 nm to 2.6 J∕cm 2 at 1319 nm. Fluence thresholds were also measured for 10-ns pulses at 532 nm and found to be comparable to visible nanosecond pulse values published in previous reports. Calculated melanosome absorption coefficients decreased from 925 cm −1 at 1000 nm to 176 cm −1 at 1319 nm. This trend was found to be comparable to the decrease in retinal pigmented epithelial layer absorption coefficients reported over the same wavelength region. Estimated corneal total intraocular energy retinal damage threshold values were determined in order to compare to current and proposed maximum permissible exposure (MPE) safe levels. Results from this study support recently proposed changes to the MPE levels.
Introduction
As a consequence of the widespread use and availability of lasers, laser eye safety has increasingly become a concern due to the possibility of accidental, high-intensity exposures to tissue in the eye. The American National Standards Institute (ANSI) accredits the Z136 committee to establish user standards for the safe use of lasers. In order for committees such as Z136 to monitor and make recommendations for safe exposure levels, 1,2 retinal damage threshold studies must be conducted with varying laser radiation parameters to quantify the magnitude of these hazards. 3 It is also imperative to understand the mechanisms of retinal damage, including melanosome microcavitation, as a function of wavelength, spot size, and exposure duration. Furthermore, the ANSI Z136.1 in the United States is currently under revision. The proposed revision to the near-infrared (NIR) safe exposure limits is supported by ocular damage threshold data from a number of studies. 3, 4 However, little data exist in the longer-wavelength NIR regime in the nanosecond time scale. An additional barrier to updating the laser safety standards is the lack of understanding of the fundamental damage mechanisms of melanosome microcavitation in the retinal pigment epithelium (RPE) in this time regime.
Therefore, the objective of this study was to investigate the trends in single-melanosome microcavitation thresholds for nanosecond pulse exposures in the NIR wavelength regime. Average fluence thresholds for microcavitation of isolated bovine and porcine melanosomes were determined using nanosecond laser pulses with wavelengths ranging from 1000 to 1319 nm. A tunable laser source was used in order to probe NIR wavelengths of interest. Both heavy and light melanosome fractions for bovine and porcine were studied to determine if the threshold varied as a function of melanosome shape. An additional purpose of this study was to investigate whether or not melanosome microcavitation is maintained as the dominant damage mechanism with increasing wavelength throughout the retinal hazard regime, commonly identified as ∼400 to 1400 nm. For nanosecond and picosecond pulse exposures, microcavitation about heated melanosomes, producing bubble formation and shock wave emission, is believed to be the dominant threshold-level retinal damage mechanism. [5] [6] [7] [8] [9] [10] This study focuses on the wavelength dependence of melanosome microcavitation damage thresholds over the 1000 to 1319 nm transition wavelength region. Results of this study were compared to the current ANSI Z136.1-2007 maximum permissible exposure (MPE) values, the proposed (201x) MPE values, as well as in vivo studies. These results will provide critical information supporting an update of laser safety standards, and provide evidence in support of a proposal to increase the exposure limits in the NIR wavelength region in the 1000 to 1319 nm range.
Background

Retinal Pigment Epithelium and Melanosomes
The retina is a visual organ of ∼300 μm thickness located in the back of the eye. 11 The RPE is a monolayer of cells located within the retina. Melanin-containing organelles known as melanosomes, found in RPE cells, readily absorb ∼50 to 60% of the incident visible light as well as NIR radiation. 5, 11, 12 For visible laser exposures, injury first occurs in the RPE because it contains the highest energy density of absorbed photons. As wavelength increases from the visible to the NIR, laser light is absorbed less in the retina and more in the cornea and anterior segments of the eye. 3, 13, 14 In addition, as melanin absorption significantly decreases, water absorption increases with wavelength. The heat produced by the strongly absorbing melanosomes in the RPE exposed to visible and NIR nanosecond pulses allows for selective damage of RPE cells while preserving overlying photoreceptors.
12,15
Mechanisms of Short-Pulsed Laser-Induced
Retinal Injury
Numerous ocular bioeffect experiments have been performed using lasers in the wavelength region between 1000 and 1300 nm with many different pulse durations. 3, 4, [16] [17] [18] Additional threshold measurements were made on an artificial retina for a variety of wavelengths, spot sizes, and pulse durations to reduce the complications of a biological system. 19 However, except for Nd:YAG (1064 nm) bioeffect studies, little experimental data exist in this wavelength region using very short-pulse durations (order of nanoseconds). When laser pulses shorter than 20 μs impinge on the retina, heating is confined to the absorbing melanosome during the laser exposure (thermal confinement). The temperature rise and threshold for injury is dependent on the number density of absorbed photons. 20 Birngruber et al. 14 defined the relationship between the spatial temperature equilibration of melanin granules and the space between them, expressed as the thermal relaxation time (τ R ) for a particle.
where r is the intergranule distance and κ is the thermal diffusivity. By using the thermal diffusivity of water (κ ¼ 1.5 × 10 −7 m 2 s −1 ), and a distance of 1.2 μm, an upper limit for the thermal relaxation time of ∼1 μs results from Eq. (1). 14 The thermal relaxation time of melanosomes has also been expressed as
where κ ¼ 1.4 × 10 −7 m 2 s −1 is the thermal diffusivity of melanosomes. 6, 21, 22 Equation (2) results in a thermal relaxation time of ∼450 ns, using a melanosome radius of 0.5 μm. 6, 7 Therefore, the range of thermal relaxation time of melanosomes is ∼450 ns to 1 μs. If heat is generated within an absorbing target more rapidly than heat can diffuse away, high temperatures can be obtained, leading to vaporization of the surrounding fluid when exposures are above the microcavitation threshold. 6 One can assume spatially homogeneous heat deposition occurs within the particle if the thermal relaxation time of the particle is much smaller than the laser pulse duration.
This process results in the formation of small bubbles (microcavitation) around laser-heated melanosomes, which may cause damage to the surrounding tissue. 23 When these microcavitation bubbles expand and collapse, they break the cell membrane and destroy the cell. 8, 24 However, melanosome microcavitations may not always lead to cell death. Gerstman et al. developed expressions for calculating the size of microcavitation bubbles as a function of laser fluence and melanosome properties, including radius and absorptivity. 10 These authors showed that the maximum bubble radius can significantly change, and the treatment of bubble formation and growth may be used to analyze threshold damage leading to lesions and cell death. Therefore, the microcavitation events must be large enough to impact the cell membrane in order to cause cell death.
It has been observed that the transition from thermal damage to bubble-induced damage from single pulses occurs at ∼5 μs in duration. 7, 11, 25 Studies have also shown that the microcavitation thresholds decrease with increasing number of pulses. 26 The RPE is believed to be the site for threshold damage for all nanosecond and picosecond laser exposures in the visible and NIR. In the NIR wavelength region, the ocular media and anterior structures of the eye (cornea and lens) begin to strongly absorb, but still transmit adequate energy to pose a risk to the retina. 3 At some wavelength, either bulk (water) heating around the melanosomes will take over as the threshold damage mechanism or the absorption in the anterior segment of the eye becomes dominant and the cornea or lens will be damaged. 9 The viscoelastic properties of the medium in which a sample is prepared in have additional affects on bubble formation. Studies have shown that the observation and formation of cavitation bubbles can vary greatly depending on the surrounding medium. 27, 28 The surrounding media for the present study is water for all cases.
Experimental Detail and Procedures
Melanosome Preparation
The preparation procedure of bovine and porcine pigment granules (melanosomes) followed the method of Dontsov et al. 29 This method provided samples enriched in light and heavy fractions of melanosomes by density for both bovine and porcine samples. Light melanosomes are predominately spherical, while the heavy melanosomes are predominately elliptical in shape, resulting in slight size differences between the two fractions. 26, 29 However, no high-resolution imaging was used, and therefore, no precise knowledge of shape variance within each fraction was obtained. The melanosome fractions were separated in order to determine if differences in microcavitation threshold values occur. After the separation procedure, stock solutions of the melanosomes were stored at 4°C. Dilutions of samples were prepared in deionized water for each fraction prior to analysis. Plated aqueous melanosomes were prepared on glass microscope slides in order to observe cavitation events. A loosely sealed silicon washer and glass cover slip were used to enclose the melanosome sample to prevent evaporation of the aqueous suspension. By plating samples on a clear glass slide, observations of the microcavitation events were made possible using a camera positioned below the sample suspension and strobe back-illumination.
Laser and Optical Systems
In order to observe the microcavitation events after exposure, a microscope containing two beam paths was used (see Fig. 1 ): (1) the irradiation beam and (2) the illumination beam. It was necessary to use two different laser systems for collection of microcavitation data in the wavelength region of 1000 to 1300 nm. First, the irradiation beam consisted of a Spectra Physics Pro 290, Nd:YAG with an output of 300 mJ at 355 nm, coupled with a nanosecond optical parametric oscillator (OPO) laser (Spectra Physics, Santa Clara, California, Premiscan), with a wavelength output range of 240 nm to 2.4 μm. This system was used for data collection in the 1000 to 1200 nm wavelength region and had a pulse duration of 10 ns. A half-wave-plate and polarizing cube controlled the pulse energy delivered to the sample. A Coherent-Molectron EMP2000 energy meter (Coherent, Inc., Santa Clara, California) collected energy measurements. A beam splitter (BS) directed 10% of the beam energy into a reference detector (P1), and the remaining energy passed through the splitter and was measured by a second energy detector (P2) at the sample site. The ratio between the two detectors was measured and recorded before every experimental run. After each shot, the pulse energy from P1 was multiplied by the P1/P2 ratio to determine the energy delivered to the sample. The P1/P2 ratio was monitored during data collection and was stable throughout each data series. Data collection occurred at 1000, 1100, and 1200 nm.
In order to collect data at 1319 nm, a custom-built Q-switched Nd:YAG laser (Continuum Lasers, Santa Clara, California) was used to deliver 50-ns exposures to the melanosomes, instead of the OPO's 10-ns exposures. This laser delivers high-power pulses at 1319 nm and provided enough energy for microcavitation. The maximum pulse energy of the laser was rated at 5 J; however, for this experiment, only one of the nine amplifier stages was used. A third source, a frequency-doubled 1064 nm Q-switched Nd:YAG laser (Spectra Physics, INDI-30) was used to collect microcavitation data at 532 nm. The pulse duration of this system was 10 ns.
The illumination beam consisted of a Spectra Physics Model GCR-130 Nd:YAG and was frequency doubled for an output of 532 nm at 10 Hz. The GCR-130 output was directed through a dye cell containing Rhodamine 640 Perchlorate dissolved in methanol. The dye absorbed the 532-nm energy and emitted at ∼620 nm. The fluorescence of the dye cell was collected at 90 deg to the GCR-130 and directed to the sample. The illumination beam was directed to the sample through the back of an IR mirror that turned the irradiation beam to the sample. A delay generator allowed time-resolved imagery by controlling the delay between the irradiation beam and the illumination beam, as well as triggering the Bobcat CCD camera (Imperx Incorporated, Boca Raton, Florida) to capture an image. The effect of laser light on the melanosomes was observed by a custom-built microscope using a Mitutoyo long-working-distance microscope 10× objective (M Plan Apo). A 400-mm tube lens was used in order to achieve a total magnification of 20×. This provides micrometer spatial resolution and a nanosecond strobe with steps of nanoseconds relative to the laser illumination. A shutter was placed prior to the sample to collect single-shot data. This setup allowed simultaneous laser irradiation of the melanosomes as well as the observation (photographs) of microcavitation formation. In addition, pre-and postcavitation images were collected and used to background subtract from the exposure image for improved photographs of the cavitation events. 
Data Analysis and Threshold Fluence Values 4.1 Fluence Threshold Analysis
Beam diameter measurements were determined prior to each data collection set using the knife edge technique. In each case, the spot size consisted of a 1∕e 2 Gaussian beam, which results in an average fluence value. The NIR exposures (1000 to 1319 nm) had an average beam diameter of 183 AE 18 μm. Some of the uncertainty in the NIR values is Fig. 1 Schematic of the laser and illumination setup for observing microcavitation bubble formation from irradiated melanosomes. BS, a beam splitter, directed 10% of the beam energy into P1, a reference energy meter. P2, a detector, measured the remaining energy that passed through the BS at the sample site. due to daily fluctuations from the OPO system. Results indicated no spot-size dependence on threshold fluence values for the small spot size variations in this experiment. Beam diameter measurements were also determined for the 532-nm values, with an average of 295 AE 22 μm. The estimated dose for 50% probability of laser-induced damage (ED 50 ) was determined through the statistical method of Probit analysis, which is the standard technique for ascribing threshold values. 30, 31 The Probit procedure estimated the ED 50 fluence required to cause melanosome microcavitation. Binary (yes/no) data points were entered into the Probit software, and the ED 50 , slope, and fiducial limits (FL) were determined at the 95% confidence level. The fluence (H) is computed by Eq. (3).
where Q is the energy per pulse and D L is the 1∕e 2 Gaussian beam diameter. In addition, uncertainties in the experimental measurements were taken into account in order to determine the total uncertainty for the fluence values, and resulted in a 16% total uncertainty.
Results
Threshold Fluence Values for Microcavitation
Using the microscope setup with strobe photography, the microcavitation bubbles were directly visualized and recorded around single melanosomes suspended in deionized water following a single laser pulse. Data collection occurred at 1000, 1100, 1200, and 1319 nm, with 10-or 50-ns pulse duration. In addition, data collection occurred at 532 nm with 10-ns pulse duration to determine if the microcavitation threshold data were comparable to those published by other authors in the visible wavelength regime. 6, 20, 32 Table 1 summarizes the Probit bovine and porcine microcavitation thresholds for heavy and light melanosome fractions at 1100 nm and includes the upper and lower fiducial limits, Probit slope, and total number of shots per trial. The fiducial limits are based on a 95% confidence interval. In each case, either three or four data sets were collected on different days, and Probit analysis was performed on each data set. These data illustrate that there is no statistical difference between thresholds of bovine and porcine melanosomes. Furthermore, the thresholds for heavy and light fractions within species are not statistically different. Because there were no statistical differences between the light and heavy fractions, all data trials were combined and a single Probit analysis was performed on all the data. Table 2 gives the Probit threshold values for all trials combined and illustrates that the combined trials for each melanosome fraction are statistically equivalent for both bovine and porcine samples at 1100 nm. Table 3 shows the Probit results at 1319 nm using a different laser with 50-ns pulse duration. Because thresholds for both bovine and porcine melanosome fractions were statistically equivalent at each wavelength, these data were later reduced to a single threshold value for each species at 1319 nm as seen in Table 2 . Table 4 summarizes the threshold data for bovine and porcine melanosomes at the four NIR wavelengths. Figure 3 is a plot of the comparison between wavelength and microcavitation threshold from 532 to 1319 nm and illustrates the nonlinear trend of threshold as a function of wavelength. Average fluence thresholds were found to rapidly increase with increasing wavelength from 0.5 J∕cm 2 at 1000 nm to 2.6 J∕cm 2 at 1319 nm. This is related to a decrease in melanosome absorption coefficients with increasing wavelengths, as shown in Sec. 5.2. The error bars in Fig. 3 represent the 95% fiducial confidence limits determined with Probit analysis. However, as previously reported, the overall variability and experimental uncertainty of the measured fluence at the ED 50 values is estimated to be AE16%. Table 5 is a comparison of the 532-nm, 10-ns threshold data with similar visible nanosecond pulse melanosome thresholds from various authors. 6, 7, 20, 32 The threshold values of 99.2 and 97.4 mJ∕cm 2 are reported as average fluence, whereas Brinkmann et al. 7 and Neumann and Brinkmann Table 5 .
Melanosome Absorption Coefficients
Melanosome absorption coefficients were calculated from the threshold values found in Fig. 3 . A first-order estimate of the melanosome absorption coefficient, μ m , as a function of threshold fluence, F th (T), measured at melanosome temperature T can be obtained using the equation of Brinkmann et al. 7 T th − T ¼ ½μ m F th ðTÞ∕½C p ρ:
Here C p is the melanosome specific heat, ρ is the melanosome density, and T th is the threshold temperature for bubble formation. From Ref. 6 , the melanosome-specific heat and particle density are C p ¼ 2.55 J∕gm-C and ρ ¼ 1.41 gm∕cm 3 . Threshold fluences were measured at ambient temperature of T ¼ 20°C, and for this first-order calculation, an estimated threshold temperature of T th ¼ 150°C was used based on the temperature-dependent, nanosecond pulse, melanosome microcavitation studies of Kelly 20 and Neumann and Brinkmann. 6 Averaging the bovine and porcine data from Table 4 , the fluence thresholds were 0.506 J∕cm 2 (1000 nm), 0.613 J∕cm 2 (1100 nm), 0.838 J∕cm 2 (1200 nm), and 2.655 J∕cm 2 (1319 nm). Using these in Eq. (4), and solving for μ m , yields melanosome absorption coefficients of 925 cm −1 (1000 nm), 763 cm −1 (1100 nm), 558 cm −1 (1200 nm), and 176 cm −1 (1319 nm). Table 6 shows the NIR absorption coefficients for melanosomes and are compared to RPE coefficients based on a fit to data extrapolated from data in Birngruber et al. 14 The estimated uncertainty for the melanosome absorption coefficients in Table 6 is the result of the combined experimental ED 50 threshold error and the uncertainty in the threshold temperature bubble formation (T th ) range reported by various authors. 6, 7, 32 An additional method to determine absorption coefficients can be performed according to Gerstman et al. 10 In this case, Mie scattering effects are neglected, and the internal absorption coefficient of an RPE melanosome can be calculated, resulting in a homogeneous absorption coefficient. Neumann and Brinkmann 6 used this method to compare the measured absorption efficiency of RPE melanosomes to absorption coefficients reported by other authors. The resulting homogeneous absorption coefficients are in reasonable agreement with absorption coefficients of melanosomes found in previous studies. 6 The method used in this study to estimate absorption coefficients are within the range of previously reported RPE melanosome absorption coefficients at 532 nm found in Ref. 6 as well as the calculated coefficients based on Gerstmann et al. 10 The NIR absorption coefficients for melanosomes and RPE are plotted in Fig. 4 , along with the water absorption on a log scale. While the granular absorption coefficients are an order of magnitude higher than the corresponding layer values, the results indicate that the relative changes in absorption coefficient as a function of wavelength are similar. The absorption coefficient of the melanosomes also remains much larger than that of water, indicating that microcavitation should be possible beyond 1319 nm.
Discussion
Microcavitation Thresholds
This paper documents the first reported measurements of melanosome microcavitation threshold data for single, nanosecond-duration laser pulses in the 1 to 1.3 μm wavelength region. Melanosome microcavitation in the RPE is believed to be the threshold level ocular damage mechanism for sub-microsecond-duration laser exposures in the visible and NIR. These NIR microcavitation data are especially relevant at this time because of a recent proposal to modify the ANSI Z136.1 safety standards in the NIR. Supporting data are needed for this proposal, not only on ocular damage thresholds, but also on ocular damage mechanisms and trends.
Results indicate that there is no significant difference in absorption characteristics between melanosome fractions even though there are slight shape and size differences between heavy and light melanosomes based on the separation method used for these experiments. Results also indicate that there is a significant increase in NIR threshold values with increasing wavelength, but no significant difference between bovine and porcine melanosomes. In addition, 532-nm data were collected and compared to previous reports from other authors. The threshold value obtained was in the midrange of previously published values, indicating that the data presented here are similar to those collected by other researchers. These data validate the threshold range presented in this paper in the NIR wavelength region. 2 ) Gaussian beam entering a human, rhesus, or rabbit eye, respectively. The estimated uncertainty of 51% was determined from AE0.25 diopter, retinal transmission uncertainty, and energy measurement uncertainty.
Melanosome Absorption Coefficients
The data of Fig. 3 show a nonlinear increase in microcavitation fluence threshold with increasing wavelength, especially in the transition between 1200 and 1300 nm. A fivefold decrease was calculated in the melanosome absorption coefficient between 1000 and 1319 nm based on the microcavitation threshold data and the model of Brinkmann et al., 7 as shown in Table 6 and Fig. 4 . While the melanosome absorption coefficients are much higher than the corresponding RPE layer values, the data trends are similar to those of the RPE absorption coefficients. Results were compared to the RPE layer absorption coefficients in the NIR due to the lack of NIR melanosome coefficient data. Two different material absorption trends influence ocular absorption and ocular damage in this region. First, water absorption increases dramatically above 1050 nm, reducing light transmission to the retina and producing a shift from retinal to corneal damage at longer optical wavelengths (seen in Fig. 4) . Second, there is a significant decrease in the melanosome absorption coefficient as wavelengths increase from the visible into the mid-IR. Thus, these data confirm the trends in absorption coefficients with increasing wavelength.
Total Intraocular Energy Trends and MPE Levels
In order to determine the validity of melanosome cavitation threshold values, estimated retinal spot size and ocular transmission values were calculated for rhesus monkey, rabbit, and human eyes based on the model of Vincelette et al., 18 and fluence threshold values from this experiment were used to calculate the energy (in joules) needed to cause retinal damage in this regime. Since the exact energy reaching the retina is unknown, retinal damage thresholds are typically reported as the total intraocular energy (TIE), which is the energy delivered to the corneal plane resulting in retinal damage. Furthermore, estimates of TIE help determine the energy that produces minimum visible lesions (MVLs). In this study, estimates for the retinal beam diameter were based on the TIE from a 3-mm-diameter (1∕e 2 ) Gaussian beam entering an emmetropic eye, which is typical of experimental data. Figure 5 compares the TIE values of the three species, based on the transmission to the retina, to the current and proposed MPE levels. In each case, the average threshold values at each studied wavelength were used to determine the TIE damage values. Error bars for the estimated TIE values represent ∼51% uncertainty, based on a AE0.25 diopter deviation from emmetropia, uncertainty in retinal transmission, and uncertainty in energy measurements. 33 Figure 5 indicates that as wavelength increases, the changes in transmission to Table 7 (Refs. 34 to 41), including a number of differing beam diameters to the eye, but rhesus subjects. the retina vary with species, resulting in significantly different TIE values at 1319 nm. Figure 5 also shows all but the TIE values at 532 nm well above the current MPE levels (solid line). Figure 5 also includes the proposed MPE levels (dashed line) for the new ANSI standard 2 to show that a sufficient margin of safety is maintained across the retinal hazard regime. These data support the proposed lowering of MPE levels at 532 nm, as well as the proposed increase in MPE levels at 1300 nm. Figure 6 further compares estimated TIE thresholds for the rhesus eye (based on a 3 mm beam diameter) to in vivo nanosecond experimental studies in the rhesus eye, with differing beam diameters over the wavelength range from 532 to 1319 nm. [34] [35] [36] [37] [38] [39] [40] [41] As shown, the trends in the estimated values from the fluence thresholds determined in this study mimic the trends in the MVL studies of several authors. The uncertainty for the in vivo measurements corresponds to the upper and lower fiducial limits found in Table 7 . Table 7 reports in vivo results in the nanosecond pulse duration from 532 to 1319 nm for rhesus monkey subjects.
Trends in melanosome microcavitation fluence thresholds determined in this study are comparable to estimated and experimental TIE thresholds from 532 to 1319 nm. Both experimental data and estimated threshold values based on single melanosome microcavitation events indicate that the proposed changes to the MPE values are adequate. This study indicates that threshold measurements at 532 nm could potentially overlap with the 2007 MPE levels. In addition, this study provides data that support the increase in MPE levels at 1300 nm. This report validates the proposed changes to the MPE levels.
Conclusions
This research investigated trends in single melanosome microcavitation thresholds for nanosecond pulses in the NIR (1000 to 1319 nm) wavelength regime. While many studies have been reported for visible nanosecond pulse melanosome microcavitation, NIR nanosecond microcavitation has been neglected. This study reports the first threshold values for NIR nanosecond pulse melanosome microcavitation, as well as the first reported values for NIR melanosome absorption coefficients.
Melanosome microcavitations were observed through strobe microscopy, and fluence threshold values were determined through Probit analysis. Results indicated that as the laser wavelength increased, the ED 50 threshold values also increased nonlinearly with a factor of ∼25 times lower at 532 nm than at 1319 nm. In addition, results follow trends in bulk RPE layer absorption reported by other authors. There is a significant increase in threshold values at 1319 nm compared to 1200 nm. No statistical differences were seen between thresholds for bovine and porcine melanosomes, and no differences were observed between the heavy and light melanosomes. The latter indicates that slight size variations do not significantly affect melanosome laser energy absorption. The nonlinear increase in NIR threshold appears to be primarily due to a corresponding decrease in melanosome absorption coefficients with increasing wavelength. Calculations indicated a fivefold decrease in the melanosome absorption coefficient between 1000 and 1319 nm. This trend was found to be comparable to the decrease in RPE layer absorption coefficients over the same wavelength region. Estimated TIE values were calculated based on melanosome microcavitation fluence thresholds, and they agree with published in vivo MVL studies. Estimated TIE values were also compared to current and proposed MPE values, and these data support the proposed revisions to the safety standard MPEs in the 532 to 1400 nm wavelength region.
